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Abstract
Actin is a key component of the cytoskeleton, which plays central roles in cell
motility, division, growth, and tensile strength. To enable this wide range of tran-
sient mechanical processes and properties, networks of actin filaments continuously
disassemble and reassemble via active de/re-polymerization. However, the question
remains as to how de/re-polymerization kinetics of individual actin filaments translate
to time-varying mechanics of dis/re-assembling networks. To address this question,
to ultimately elucidate the molecular mechanisms that enable cells to exhibit a myr-
iad of transitory mechanical properties, we couple time-resolved active microrheology
with microfluidics to measure the time-varying viscoelastic moduli of entangled and
crosslinked actin networks during chemically-triggered network disassembly and re-
assembly. We also develop a corresponding mathematical model that relates the time-
evolution of filament length to the resulting time-dependent storage moduli of evolving
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networks. During disassembly, we find that the moduli exhibit two distinct exponential
decays, with experimental time constants of ∼169 and ∼47 min, which we show arises
from a phase transition from a rigid percolated network to a non-rigid regime occurring
after ∼90 min. During reassembly, measured moduli exhibit linear increase with time
for ∼90 min, after which steady-state values are achieved. Our theoretical model shows
that reassembly mechanics are dominated by elongation kinetics, and that elongation
rates are much slower than has been recently assumed. Our measurements shed much
needed light onto how polymerization kinetics map to time-varying mechanics of ac-
tively evolving cytoskeleton networks, and provide a powerful platform for studying
other active and dynamic systems currently under intense investigation.
Introduction
Actin, a ubiquitous protein comprising the cytoskeleton of cells, plays a key role in orchestrat-
ing multifunctional cellular mechanics.1 To actively regulate the mechanical properties of the
cytoskeleton, actin networks continuously disassemble, reassemble, and reorganize by tran-
sitioning between filamentous and monomeric states, thereby enabling vital processes such
as mitosis, crawling, and apoptosis2–5. Determining how the mechanics of actin networks
evolve during disassembly and reassembly is thus essential for understanding the myriad of
time-varying mechanical properties and processes that cells exhibit. Nonetheless, previous
studies have focused on either measuring the mechanical properties of steady-state actin
networks or the polymerization kinetics of single actin filaments, with the connection be-
tween the two still elusive. In particular, how de/re-polymerization kinetics of single actin
filaments map to time-varying mechanical properties of actively evolving networks remains
an open question.
In the presence of ATP and magnesium, globular actin monomers (G-actin), ∼6 nm in
size6, polymerize into semiflexible filaments (F-actin) ∼1 - 50 µm in length with persistence
lengths of ∼17 µm.7,8 Polymerization proceeds via slow nucleation (i.e. trimer formation),
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followed by fast elongation, in which ATP-bound monomers bind predominantly to the
barbed end of the growing polar filament. Upon depletion of ATP and/or introduction of
calcium, F-actin depolymerizes via ATP hydrolysis, release of ADP and Pi, and subsequent
detachment of G-actin at the pointed end of the filament.9,10 A number of in vitro studies
have measured the polymerization and dissociation kinetics of single actin filaments, re-
porting a wide range of rates and associated mechanisms.1,10–17 Reported association rate
constants span ∼1 - 12 µM−1s−1 for ATP-bound G-actin on the barbed end, with correspond-
ing elongation/polymerization rates of ∼0.03 - 100 s−1.11,12,17–19 Further, light scattering and
fluorescence measurements have shown that actin filaments reach ∼90% of their full length
in 60 min.20,21 The depolymerization rate for F-actin has been suggested to be rate-limited
by the slow release of Pi from actin monomers leading to a rate of 0.16 s
−1.17,18 However,
previous single-molecule experiments found that the length of single depolymerizing actin
filaments decreased linearly with time but exhibited multiple linear phases with depolymer-
ization rates of 0.1 s−1 to 1.8 s−1.13,22 At the same time, similar measurements reported that
depolymerization rates increased exponentially with time as filament length decreased.18
High concentrations of F-actin form entangled networks which can also be crosslinked in
the presence of actin-binding proteins, leading to unique viscoelastic mechanical properties.
Motivated, in part, by the relevance to cellular mechanics, the viscoelastic response of steady-
state entangled and crosslinked actin networks have been extensively studied.20,23–28 The
majority of studies have focused on characterizing the frequency-dependent storage and
loss moduli (G′ and G′′), which quantify the relative elasticity (G′), and fluidity (G′′) of
the system.25,29–32 However, relatively little is known regarding how these properties evolve
with time as networks disassemble and reassemble.20,33 To elucidate the underlying dynamic
processes the cytoskeleton uses to actively alter its mechanical properties, it is critical to
understand how de/re-polymerization kinetics translate to dis/re-assembly of actin networks,
and how network dis/re-assembly dynamics map to time-varying mechanical responses of
actin networks.
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In this article, we couple time-resolved active microrheology with a recently developed
microfluidic platform to measure the time trajectories of local viscoelastic moduli of entan-
gled and crosslinked actin networks during dynamic disassembly and subsequent reassembly.
Specifically, we chemically trigger actin de/re-polymerization while simultaneously measur-
ing the force induced in the network by microscale oscillations of an optically trapped micro-
sphere over the time course of dis/re-assembly (Fig. 1). To interpret our results, we develop
a mathematical model that integrates polymerization kinetics of actin filaments and the me-
chanical rigidity of actin networks to describe how the storage modulus of the network varies
in time during de/re-polymerization. Polymerization kinetics are modeled using a Master
Equation approach,34–38 and the mechanics of the network are characterized using an Effec-
tive Medium Theory of rigidity percolation.39–42 Our results address key questions regarding
the mechanics and corresponding kinetics of dynamically disassembling and reassembling
actin networks, elucidating the time-varying mechanics of the cytoskeleton as well as the
underlying principles of other active, self-assembling systems of current interest.
Materials and Methods
Sample Preparation: F-actin solutions and crosslinked networks were prepared as pre-
viously described.43 Entangled F-actin solutions were assembled in the sample chamber by
polymerizing 0.5 mg/ml unlabeled G-actin (Cytoskeleton) in F-buffer [10 mM Imidazole
pH 7.0, 50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP] for 1 hour at room tem-
perature. 5 µM pre-assembled Alexa-568-labeled actin filaments and a trace amount of
488-BSA-coated microspheres (4.5 µm diameter) were also added for visualization and mi-
crorheology measurements, respectively. Crosslinked networks were prepared similarly but
0.7 µM of G-actin was biotinylated and pre-assembled biotin-actin-NeutrAvidin complexes
were added at a molar ratio of 0.07 to actin monomers43. The length distribution of actin
filaments in both networks is 7.2 ± 4.0 µm (Fig. S4), the mesh size is 0.42 µm (0.3/√ca,
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Figure 1: Schematic of experimental approach. (A) Illustration of microfluidic device com-
prised of a central channel that contains the actin sample (labeled (red) and unlabeled (black)
F-actin and microsphere probes (white)), two flanking channels (1 and 2, white) used for
buffer exchange (through inlets 1 & 2 and an outlet), and two semipermeable membranes
(brown) that separate the channels. (B) Sample microrheology data showing probe position
(red) and induced force (blue) as a function of time. The amplitude of the force F0 and po-
sition X0 as well as the phase shift ∆δ between the force and position are used to determine
viscoelastic moduli G′ and G′′.
with ca being the actin concentration in mg/ml
44), and the length between crosslinks for
crosslinked networks is ∼0.89 µm.43
Microfluidics: The microfluidic device is fabricated as presented in Ref.45 and described
further in SI. As shown in Fig. 1, the resulting device is comprised of a central channel,
for holding the sample, separated by semipermeable membranes from two flanking buffer
channels to enable buffer exchange via diffusion. For measurements, the actin solution was
pipetted into the central channel and the flanking channels were initially filled with F-buffer.
To initiate disassembly, existing F-buffer is pulled from the flanking channels at a flow rate
of 5 µl/min as G-buffer [2 mM Tris pH 8.0, 0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl2]
is pulled in, thereby enabling diffusion-controlled buffer exchange into the central channel.
Complete buffer exchange is achieved in ∼6 - 7 min. To trigger reassembly, G-buffer in the
flanking channels is exchanged with F-buffer.
Microscopy: To independently verify that disassembly occurs over the timescales of
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our measurements, we use an A1R (Nikon, Melville, NY) laser scanning confocal microscope
with 60x 1.4 NA objective to image labeled actin filaments during network disassembly.
Specifically, every 20 min during disassembly, time-series are collected by capturing images
in 5 s intervals over the course of 3 min. Fig. 2, shows the collapse of each time-series.
The reduced contrast and increased Brownian noise of images as time proceeds shows that
filament mobility increases and network connectivity decreases, demonstrating destruction
of a fully-percolated network.
Figure 2: Confocal micrographs of a crosslinked F-actin network during microfluidic-induced
depolymerization. Each image is an average of a 3 min time–series of images collected every
5 s using an A1R (Nikon, Melville, NY) laser scanning confocal microscope with 60x 1.4 NA
objective. The lower right of each image shows elapsed time in minutes from beginning of
network disassembly (i.e. exchange from F-buffer to G-buffer).
Microrheology: We use an optical trap setup built by outfitting an Olympus IX71
fluorescence microscope with a 1064 nm ND:YAG fiber laser (Manlight) focused with a 60x
1.4 NA objective. A microsphere (probe) embedded in the sample is trapped and oscillated
sinusoidally relative to the sample at an amplitude of 1 µm at five frequencies from 0.5 to
107 rad/s using a piezoelectric nanopositioning stage (Mad City Laboratories) (Fig. 1). A
position-sensing detector (Pacific Silicon Sensors) is used to measure the laser deflection,
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which is proportional to the force on the probe from the surrounding network. The trap
stiffness was calibrated via Stokes drag in water46 and passive equipartition methods.27 We
fit both the stage position and force data to sine curves using the least squares method,
and calculate the storage modulus G′ and loss modulus G′′ via G′ = |Fo|cos(∆δ)/6pia|Xo|
and G′′ = |Fo|sin(∆δ)/6pia|Xo| where Fo, Xo, ∆δ, ω, and a are the force amplitude, stage
position amplitude, phase shift between the force and stage position, oscillation frequency,
and probe radius, respectively. We carried out measurements every 5 min over the time
course of disassembly and reassembly with t = 0 being immediately before buffer exchange
is initiated. The initial data point for reassembly occurs ∼10 min after the final time point of
disassembly due to the time needed to switch reservoirs and initiate buffer exchange. We also
carried out measurements in steady-state monomer solutions and fully-assembled networks
as a control to compare to our initial and final time measurements. Steady-state moduli
values are comparable to previously reported values25,30,32,47,48 and to our initial and final
time measurements (Fig. S1).
Mathematical Model: To obtain the mechanical response of the network as a function
of time, we use an integrated approach where we first use Master Equations to calculate
the average filament length of the network 〈L〉 as a function of time, and then use Rigidity
Percolation theory to obtain the linear storage modulus G′ as a function of 〈L〉. We use
these results to obtain G′ as a function of time, for both the disassembling and reassembling
network. Below, we summarize our mathematical model and method, which is fully described
in Supplemental Information.
Master Equations for Filament Length: We study the time evolution of the concentration
of filaments of length L, under the influence of microscopic processes that lead to the growth
or shrinkage of actin filaments, using a Master Equation framework, described in detail in the
SI. For depolymerization, we consider a spatially homogeneous system with a fixed amount
of actin, initially present in the form of filaments of a given length in a network. Assuming
that the filaments depolymerize independent of each other, we obtain the probability, P (L, t),
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that a filament has length L at time t, for a given rate, koff , of depolymerization. We assume
that the polymerization rate is negligibly small during this stage.
The Master Equation for filament reassembly, on the other hand, is more complex and has
two stages: nucleation and polymerization. We assume that at the beginning of reassembly,
actin is present in the form of monomers only. The spontaneous nucleation of an actin
filament is experimentally known to consist of the formation of a trimeric nucleus. Since
the intermediate actin dimer is very unstable, this process is kinetically unfavorable; it is
much slower than polymerization of existing actin filaments and is the rate limiting step
in actin filament growth.49,50 In our simulations, the polymerization rate k+ is varied from
0.1 – s−1 and the depolymerization rate koff is set to 0.16 s−1, based on values reported in
the literature18. We have considered nucleation rates knuc ∼ 10−2 – 10−3 s−1 (see Fig. S5),
and the simulation results reported in Fig. 5 were obtained using a nucleation rate of 10−3
s−1. The probability P (L, t) during the filament reassembly phase is obtained by solving the
corresponding Master equation as described in the SI, and is used to calculate the average
filament length at a given time t, 〈L〉 =∑LP (L, t). In converting average filament length
from monomers to µm, we assume that each monomer is 6 nm long and steady-state filament
lengths are 3 – 11 µm6,51,52. We do not explicitly take into account interactions with the
surrounding solvent.
Rigidity Percolation Theory: The rigidity percolation theory models a biopolymer net-
work as a disordered network made of fibers, and consisting of both flexible (sparsely con-
nected) and rigid (densely connected) regions. When flexible regions span the network,
external strains can be accommodated without stretching or bending the fibers. As a result
the entire network is flexible, does not resist external strains and has a zero storage modu-
lus. On the other hand, when the rigid regions percolate, the network becomes mechanically
rigid, and has a non-zero storage modulus. The system therefore goes from non-rigid to rigid
at a certain number density of fibers known as the rigidity percolation threshold, and this
mechanical phase transition is known as the rigidity percolation transition. Within the rigid
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phase, there are two mechanical regimes: an affinely deforming regime corresponding to a
dense, rigid network that deforms uniformly at all length scales and has a storage modulus
that decreases very slowly with fiber content; and a floppy, barely-rigid network that deforms
non-uniformly or non-affinely at different length scales with large variations in the storage
modulus with small variations in fiber content.39 Details of this model are described in the
SI. The storage modulus of the network G′ for a given average fiber length 〈L〉 is obtained
by means of an effective medium theory calculation.39,40
Results and Discussion
We measure the storage and loss moduli, G′ and G′′, of entangled and crosslinked actin
networks as a function of time during filament depolymerization and subsequent repoly-
merization induced by microfluidic-enabled buffer exchange. We focus our discussion on
the time evolution of G′, as it is a better indicator of network formation than G′′, since
it quantifies the elasticity of a network and becomes essentially negligible for a solution of
monomers. Fig. 3 shows the frequency-averaged storage moduli measured during induced
depolymerization (Fig. 3A) and repolymerization (Fig. 3B).
To verify that the systems are fully dis/re-assembling we compare our measured values
at the beginning and end of de/re-polymerization to those of steady-state networks and
solutions of monomers. As shown in Fig. S1, the moduli measured at the beginning and
end of each process are in good agreement with those measured in steady-state. We note
that, at the end of triggered disassembly, G′ for the crosslinked network indicates that it has
not fully disassembled; however, the remaining disassembly completes during the ∼8 - 10
min time frame required to begin subsequent reassembly, as indicated by the initial moduli
measured for reassembly.
During depolymerization, we find that the storage moduli of both systems decrease expo-
nentially with time (Fig. 3A). Rather than a single exponential decay, which would indicate
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Figure 3: Time course of frequency-averaged storage modulus for entangled (blue) and
crosslinked (red) actin networks during (A) disassembly and (B) reassembly. Solid lines
are fits to the data corresponding to, in (A), single exponential decays with time constants
of 170 ± 21 min, 168 ± 15 min for t < 90 min (phase 1) and 38 ± 1 min, 63 ± 5 min for t >
90 min (phase 2); and, in (B), linear functions with slopes 2.4 ± 0.06 mPa/min and 6.5 ±
0.3 mPa/min, for entangled and crosslinked networks, respectively. The insets show, in (A),
the time constants for phase 1 (open symbols) and phase 2 (closed symbols) and, in (B), the
slopes of the fits measured for each oscillation frequency.
a single static process dictating mechanics, we instead find two distinct exponential phases
for both entangled and crosslinked systems: initial slow decay of G′ for t < 90 min with an
average time constant of τ1 = 169 ± 26 min, followed by fast decay, with an average time
constant of τ2 = 51 ± 5 min.
During reassembly, G′ for both systems increases linearly with time for t < 90 min after
which they reach steady-state values (Fig. 3B). While the reassembly process appears to be
relatively fast (∼90 min) compared to disassembly (∼150 min), the time needed to reach
apparent complete reassembly is nearly identical to the time needed to switch to fast decay
during disassembly. This reversible crossover timescale is likely the timescale at which a
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fully percolated network is achieved or destroyed, which we discuss further below.
Figure 4: Time course of frequency-averaged storage modulus G′ normalized by the network
modulus G′o for entangled (blue) and crosslinked (red) actin networks during (A) disassembly
and (B) reassembly. Solid lines are, in (A), fits to the average of the data for entangled and
crosslinked networks, corresponding to single exponential decays with time constants of 169
± 13 min for t < 90 min and 47 ± 2 min for t > 90 min, and, in (B), a linear function with
slope 0.012 ± 0.0004 min −1. The grey data are the moduli measured for each frequency.
As shown in the insets of Fig. 3, the dependence of measured decay times (Fig. 3A) and
linear slopes (Fig. 3B) on oscillation frequency are minimal. Further, while the magnitudes
of G′ are larger for crosslinked networks compared to entangled systems (as expected), the
time evolution of G′ is remarkably similar for both. To further demonstrate the insensitivity
of measured trends on oscillation frequency and network architecture, in Fig. 4 we plot
G′ normalized by the corresponding steady-state network value, G′o, for each system and
oscillation frequency. As shown, the time evolution of G′/G′0 for all frequencies and both
networks collapse to a single master curve suggesting that the molecular mechanisms driving
self-assembly of actin networks are universal and do not depend on how the filaments interact
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or the timescale of mechanical perturbations.
We further note that the time evolution of both G′′ and the complex viscosity are similar
to that for the G′ data with comparable decay times (disassembly) and linear slopes (re-
assembly) (Figs. S2, S3, Tables S1–S3). As with G′, these trends are largely independent of
oscillation frequency and crosslinking.
Figure 5: Predicted normalized storage modulus and average filament length (inset) as a
function of time during network (A) disassembly and (B) reassembly. For disassembly, the
displayed curves correspond to 3 different initial filament lengths, listed in microns in the
legend, with the straight solid lines showing exponential fits with decay times displayed in
minutes. The depolymerization rate is set to 0.16 s−1. For reassembly, displayed curves
correspond to 6 different elongation rates, listed in units of s−1 in the legend, with solid
straight lines showing linear fits with slopes displayed in units of min−1. The nucleation
rate is set to 0.001 s−1. Modulus values are normalized by the modulus value for a fully
percolated network.
In order to relate the mechanical response to molecular processes occurring during dis/re-
assembly, we developed a mathematical model, detailed in Methods and SI, that couples the
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polymerization kinetics of single filaments to the formation and destruction of a rigidly perco-
lated network. For disassembly, we test initial filament lengths that span the experimentally
measured distribution of initial lengths (7.2 ± 4.0 µm, Fig. S4). As shown in Fig. 5A,
our model predicts that both the average filament length 〈L〉 and the storage modulus G′
initially decrease slowly with time before undergoing a distinct crossover to far more rapid
decay. Similar to our experimental data, both fast and slow phases of G′/G′0 decay exhibit
exponential dependence on time with characteristic time constants. The initial slow time
constant as well as the crossover time increase with increasing initial filament length (Fig. 5A,
Table S4). For an initial filament length of 7 µm, corresponding to the experimentally mea-
sured average initial filament length, the decay time for the initial slow phase is ∼179 min
and the crossover time is ∼87 min. These theoretical predictions are in excellent agreement
with experimentally measured timescales (Figs. 3A, 4A). Our predicted fast decay time con-
stant (τ2 ∼ 1 min) is, however, an order of magnitude faster than the experimental value.
As described below, this difference likely arises from the polydispersity in initial filament
lengths in the experiments, whereas the model uses monodisperse initial filament lengths.
The mechanical regime corresponding to the initial slow decay corresponds to an affinely
deforming dense network, while the regime corresponding to the sharp decrease corresponds
to a non-affinely deforming sparse network. The storage modulus drops to negligibly small
values as the network goes through the rigidity percolation phase transition, going from a
mechanically rigid regime to a non-rigid regime. Namely, as the average filament length falls
below a certain threshold, the network is no longer able to bear macroscopic stresses and its
storage modulus approaches zero. As shown in Fig. S4, our experimental filament lengths
are gamma distributed with an exponential tail of long filaments up to ∼20 µm. These long
filaments slow the complete destruction of the network. As such, the second phase in our
experimental measurements is a combination of the slow decay from long filaments still in
the rigid regime (as demonstrated by the 11 µm curve in Fig. 5A) and the fast decay from
shorter filaments. Thus, as a result of the inherently heterogeneous and noisy nature of the
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material in the experiments, the rigidity percolation phase transition is broader and not as
sharp as in the model.
During reassembly, our model also predicts a crossover from non-affine to affine mechan-
ical regimes, and varies with the chosen polymerization rate k+. The fastest rate we chose
(k+ = 100 s
−1) corresponds to the value most often assumed in recent literature,11,12,17–19
while the slower values (0.1 - 1 s−1) are from earlier work15,53. As shown in Fig. 5B, for
polymerization rates of 100, 10, 1, 0.5, 0.3, and 0.1 s−1, the crossover takes place at ∼2,
5, 25, 40, 60, and 130 min, respectively. The corresponding initial slopes of G′/G′0 curves
increase from ∼0.025 to 1.791 min−1 as k+ increases from 0.3 to 100 s−1 (Table S5). The
predicted crossover time and slope closest to our experimental observations (within a factor
∼2) are for the relatively slow rate of k+ ∼ 0.3 s−1, whereas the crossover time and slope for
the commonly assumed rate of k+ ∼ 100 s−1 differ by nearly two orders of magnitude from
experimental values. We note that the crossover time and slope also change with nucleation
rate, but this is a much smaller effect in comparison (Fig. S5). These results indicate that
elongation kinetics and the mechanical phase transition in network rigidity dominate the
mechanical response of evolving networks.
Conclusion
We have presented an experimental approach that combines time-resolved optical tweezers
microrheology with diffusion-controlled microfluidics, to measure the time-evolution of mi-
croscale mechanical properties of dynamic systems during triggered activity. We use this
technique to measure the viscoelastic moduli of actin networks during disassembly and re-
assembly via chemically-induced de/re-polymerization of actin filaments. To inform our
experimental results, we develop an integrated mathematical model that couples the time-
evolution of filament lengths with rigidity percolation theory to predict the evolution of the
storage modulus during network disassembly and reassembly. We find that actin networks
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exhibit biphasic exponential decay with time during network disassembly, which we show
arises from a rigidity percolation phase transition at ∼90 min as the network is destroyed
(Figs. 3A–5A). During reassembly, the moduli increase linearly for the first ∼90 min after
which steady-state mechanics is achieved (Figs. 3B, 4B). We show that the changing me-
chanical properties during reassembly can be primarily attributed to the elongation kinetics
and rigidity percolation transition of the networks (Figs. 5B, S5). Further, elongation rates
appear to be much slower than those assumed in recent literature, but in agreement with
those from earlier work. Finally, the time-evolution of moduli were markedly similar for
both entangled and crosslinked networks and for all oscillation frequencies, demonstrating
the universality of the measured mechanics (Fig. 4, Tables S1–S3). Our collective results fill
a long-standing gap in knowledge regarding how de/re-polymerization kinetics of cytoskele-
tal proteins map to time-varying mechanical properties of the network. These results are
essential to understanding how cells can dynamically alter their mechanical properties to
enable key processes such as motility, division, growth, and apoptosis; and shed light onto
the underlying principles of other dynamic, self-assembling systems and materials. Our tech-
nique can also be used to measure the time-dependent mechanical properties of the growing
number of active materials currently under intense investigation.
SI file can be accessed at:
https://drive.google.com/file/d/0B65f6vTXpwK4UFpIR1FIcXVCNkE/view?usp=sharing
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